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[57] ABSTRACT 
The present invention provides a sensor, preferably an = 
electrochemical sensor, for detecting acidic gases, e.g. 
carbon dioxide. The electrochemical sensor has a sens 

- ing electrode (20, 22), a counter electrode (37) and a 
_ body of electrolyte containing a complex, e.g. copper- 1 

(II) bis(propanediamine), which has one or more ligands 
that is displaceable by the presence of the acidic gas in 
the electrolyte to form a modi?ed complex which can 
be electrochemically reacted at the sensing electrode at I 
a potential at which the unmodi?ed complex is unreac- . 
tive. The acidic gas diffuses into the electrolyte through ' 
a porous membrane. The modi?ed complex can also be 
detected colorimetrically because it absorbs light at a 
different wavelength to the unmodi?ed complex. 

17 Claims, 3 Drawing Sheets 
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ACIDIC GAS SENSORS AND METHOD OF USING 
SAME 

The present invention relates to a sensor for dissolved 
or gaseous carbon dioxide or other acidic gases, e.g. 
S02 and N02. 
Carbon dioxide is an inert gas that is difficult to sense 

electrochemically because it reacts electrochemically 
only at high negative potentials and at such potentials, 
oxygen is reduced and water is decomposed. Thus it 
would be practically impossible to obtain an output 
current from a simple amperometric electrochemical 
sensor working with an aqueous electrolyte that is due 
solely to the reduction of carbon dioxide and in practice 
a substantial part of the sensor output current would be 
due to reduction of oxygen and/or decomposition of 
water and so the magnitude of the signal from the sen 
sor would not be a direct measure of the amount of 
carbon dioxide present. Accordingly, presently used 
techniques for measuring carbon dioxide are (i) dissolu 
tion of the gas in a base and back-titration against an 
acid; (ii) infrared spectrometers tuned to the carbon 
dioxide absorption wavelength; (iii) potentiometric 
chemical sensors in which the gas sample under test is 
contacted with an aqueous solution in which carbon 
dioxide dissolves and the resulting lowering of pH is 
detected by a pH meter to give a measure of the amount 
of carbon dioxide in the test sample; and (iv) thermal 
conductivity. 
These techniques have disadvantages: titration is 

slow and labour intensive; an infrared spectrometer for 
measuring gaseous carbon dioxide has to have a long 
path length between its infrared source and detector 
because the concentration of carbon dioxide molecules 
in the gas phase is low; such spectrometers are bulky 
and are not readily portable. Potentiometric chemical 
sensors have slow recovery times, that is to say there is 
a long delay before a reliable new output signal is gener 
ated after a sensor has been exposed to carbon dioxide. 
Furthermore, the output of the pH meter'is logarithmic 
and it is relatively insensitive to concentrations of car 
bon dioxide towards the upper limit of the range that a 
sensor is designed for. Also, the range of carbon dioxide 

_ concentrations that can be measured by such sensors is 
limited and the output from the electrode of the pH 
meter is not as stable as is desirable. 
An example of a potentiometric gas sensor using a 

hydrogen ion electrode (pH electrode) to measure the 
quantity of carbon dioxide in an atmosphere is described 
inter alia in an article by J. W. Ross et al in Journal of 
Pure and Applied Chemistry 36 (1973) pages 473-487. 
Another approach to the electrochemical determina 

tion of carbon dioxide is described in US. Pat. Nos. 
3,719,576 and 4,474,648. These patents describe sensors 
having a sensing electrode which comprises an electro 
chemical pH-sensitive couple, e.g. Ag/AgO, Pd/PdO 
or Ir/IrO and a counter electrode. When the pH of an 
electrolyte changes due to dissolution of carbon diox 
ide, the potential of the couple changes which results in 
a potential difference between the sensing and the 
counter electrodes causing a current to ?ow through 
the cell which can be detected by an external electric 
circuit. A similar method for detecting carbon dioxide is 
described in an article by Bergman in Nature, 218 (Apr. 
20, 1968), page 266 in which a pH-sensitive, electro 
chemically-active material, e. g. quinhydrone or a bicar 
bonate, is dissolved in the electrolyte of an electrochem 
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2 
ical cell having a sensing electrode, e.g. a platinum 
electrode, that can detect the potential of the material 
couple. Carbon dioxide can diffuse into the electrolyte 
through the sensing electrode, which is permeable, and 
this changes the potential of the material couple which 
is detected by the sensing electrode. 
A still further approach to the problem of detecting 

carbon dioxide electrochemically is disclosed in GB 
2,052,755 which describes a conductometric cell in 
which the conductivity between two measuring elec 
trodes separated by an aqueous medium is measured by 
an external circuit; carbon dioxide is capable of diffus 
ing through one of the electrodes and dissolving in the 
aqueous medium, thereby increasing the concentration 
of ions in the aqueous medium and so increasing the 
conductivity between the electrodes which is measured 
by the external circuit. 
An electrochemical cell for detecting S02 and N02 is 

disclosed in US. Pat. No. 3,795,589 and has a sensing 
electrode and a body of electrolyte in contact with the 
atmosphere under test so that the gas to be detected can 
dissolve in the electrolyte. The electrolyte contains a 
redox system, e.g. a variable valency ion such as Cu(II) 
or Fe(III). The gas reduces the metal ion in the electro 
lyte and the reduced metal ion is re-oxidised to the 
original species at the working electrode and the 
amount of current required by the working electrode to 
restore the redox couple is a measure of the quantity of 
acidic gas in the ?uid to be detected. 

Despite the above proposals no commercially suc 
cessful sensor working on amperometric principles has 
yet been produced. 
The present invention is based on an entirely different 

approach which allows carbon dioxide to diffuse from a 
?uid under test into a solution of a metal complex 
whose ligands can be displaced by the presence of car 
bon dioxide (or other acidic gas) in the solution to form 
a modified complex which can be detected, e.g. electro 
chemically or by colorimetry, thereby providing a mea 
sure of the amount of carbon dioxide (or other acidic 
gas) in the fluid. 
According to one aspect of the present invention 

there is provided an electrochemical sensor comprising 
a sensing electrode, a counter electrode and an interven 
ing body of electrolyte that is accessible to the gas being 
tested, the electrolyte containing a metal complex hav 
ing at least one ligand that can be displaced by the 
presence in the electrolyte of an acidic gas to form a 
modi?ed complex, the system being such that the modi 
?ed complex is electrochemically detectable at the sens 
ing electrode at a potential at which the unmodi?ed 
complex is electrochemically unreactive and which is 
above the potential at which oxygen is electrochemi 
cally reduced. 

Thus, when carbon dioxide (or other acid gas) is 
present in the fluid being monitored, it diffuses into the 
electrolyte where it dissolves and leads to the displace 
ment of one or more of the ligands in the complex and 
the modified complex thus produced is reacted electro 
chemically thereby generating a current in an external 
electric circuit which can be measured. The magnitude 
of the current gives a measure of the amount of gas in 
the fluid being sensed. 
Without wishing to be committed to any particular 

theory for the mechanism of the change in the metal 
complex in the presence of carbon dioxide or other 
acidic gas, we postulate that the change in the metal 
complex may be brought about by the change in pH as 
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a result of dissolution of the acidic gas in the solution of 
metal complex. Thus, for example, on dissolution of 
carbon dioxide, carbonic acid is formed according to 
reaction (I): 

CO2+H20—J"l+ +HCO3_ (l) 

The change in pH alters the equilibrium between ligand 
molecules bound to the metal and ligand molecules 
bound to protons according to equation (2): 

ZIP’ +ML,,'"+.—_>zHL+ +ML(,,_,)"'+ (2) 

(where n, m and z are integers (although m can be zero), 
M is a metal and L is a ligand) and it is possible to detect 
the increase in the ML(,,.;)'"'*' species or the decrease in 
the ML,,'"+ species; the magnitude of the disturbance of 
equilibrium (2) will give a measure of the amount of 
acidic gas present. In other words, the metal and hydro 
gen ions compete for binding to the ligand. Equation (2) 
is probably an over-simpli?cation of the mechanism that 
actually takes place, and in particular the complex 
ML(n-z)'"+ could well be stabilized by binding to fur 
ther ligand(s). 
For simplicity, in the present speci?cation, a metal 

complex that is in its equilibrium (or unchanged) state 
(represented by the formula ML,,'"+ in equation (2) 
above) will be referred to simply as an “unmodi?ed 
metal complex" whereas a complex that has undergone 
a change as a result of the presence of an acidic gas 
(represented by the formula ML(,,_Z)'"+ in equation (2) 
above) will be referred to as a “modi?ed metal com 
plex”. 

It is preferred that the ligand is a base in the free state 
and it is particularly preferred if the ligand binds to the 
metal through a nitrogen atom, e.g. the ligands are 
chosen from amines, and diamines; other possible li 
gands include carboxylates, thiocarboxylates, phos 
phines, diphosphines, thiolates, oximes, amino acids, 
peptides, nucleotides, sugars, some alcohols, carbamates 
and thiocarbamates. Compounds having a basic nitro 
gen atom in a heterocyclic ring may also be used’. 
The metal and the ligands in the complex should be so 

chosen that the stability constant of the modi?ed metal 
complex and the pKb of the ligand provides the opti 
mum response to acidic gas in the range of acidic gas 
concentrations that it is desired to measure. It is desir 
able that the modi?ed complex should be chosen so that 
it reacts electrochemically at a potential at which other 
species in the ?uid being sensed do not react; in particu 
lar, when measuring the concentration of an acidic gas 
in an oxygen-containing atmosphere, it is desirable that 
the modi?ed complex is such that it is reduced electro 
chemically at a potential that is sustantially more posi 
tive than that at which oxygen is reduced. It is envis 
aged that different metal complexes may be required to 
measure different concentrations of carbon dioxide. 
Preferred metals are variable valency metals having a 
stable lower oxidation state so that a complex of a re 
duced ion will be formed after reduction of the modi?ed 
metal complex at the sensing electrode and this reduced 
ion complex will remain in solution; examples of possi 
ble metals are transition metals, for example Cu(II), 
Fe(lII) and Ru(III); other possible metals are: Bi(III), 
Pb(II), Sn(IV), Pd(II), Ag(I), Os(III), Ir(lII) and 
Mo(lV). 
The ligands are preferably bidentate, e.g. diaminoal 

kanes, which can be optionally substituted on the alkyl 
chain, e.g. 1,3-propanediamine and ethylene diamine. 
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4 
Multidentate ligands having more than two binding 
sites can also be used. 
The complex may be charged or neutral; preferred 

complexes are copper(ll) bis-(l,3-propanediamine), 
copper(II) bis-(l,2-propanediamine), and copper bis 
ethylenediamine which are all cations. When the com 
plex is charged, the complimentary anion or cation 
should be chosen so that it does not adversely affect any 
other component of the sensor or any other species that 
may diffuse into the sensor together with the gas being 
sensed; for example, the complimentary ion may be 
chloride, bromide, sulphate, nitrate, perchlorate or tet 
rafluoroborate. The complimentary ion and/or the 
other ionic species present in the electrolyte, may, if the 
system permits, be used to stabilize the modi?ed com 
plex and/ or the electrochemical reaction product of the 
modi?ed complex by providing ligands for binding to 
the metal ion complex. Thus, for example, we have 
found that the copper(I) ions obtained by reducing the 
modi?ed forms of the preferred copper(ll) bis-(1,3 
propanediamine) and copper (lI)-bis(ethylenediamine) 
complexes are stabilized by chloride and bromide ions. 
Any means can be used for detecting the modi?ed 

metal complex that differentiates between the modi?ed 
metal complex and the simple unmodi?ed metal com 
plex. However, we prefer to detect the complexes elec 
trochemically. 

In the presence of carbon dioxide (or other acidic 
gas), the preferred copper bis(propanediamine)2+ com 
plex in a chloride containing electrolyte (i.e. the com 
plex in its modi?ed form) is reduced at potentials below 
+0.3 volts (with respect to a standard calomel elec 
trode) with a peak at +0.14 volts. In contrast, the cop 
per complex in the absence of carbon dioxide (i.e. the 
unmodified metal complex) is only reduced at voltages 
negative to —0.3 volts with a peak at about —-0.6 volts. 
Thus, by maintaining a potential of the sensing elec 
trode in the range between +0.25 and 0 volts, e.g. +0.2 
to +0.1 volts and preferably about +0.14 volts, the 
sensing electrode will reduce solely the modi?ed cop 
per complex and 'the resulting current at the sensing 
electrode will be proportional to the amount of carbon 
dioxide detected. Neither oxygen nor water is reduced 
within these ranges of potentials so that there is no 
interference from either of these substances in the out 
put signal from the sensor. The optimum potential at 
which the sensing electrode is held will depend on the 
nature of both the metal complex and the electrolyte but 
the reduction potentials of any metal complex can 
readily be ascertained by measuring the current-poten 
tial curves of the complex in two separate tests, one 
being conducted in the presence of carbon dioxide (or 
other acidic gas) and the other in the presence of an 
inert gas, e.g. nitrogen. _ 

All the potentials given in this speci?cation are the 
potentials of the sensing electrode of a sensor with re 
spect to a notional standard calomel reference electrode 
(SCE). 

It is preferred that the products of the electrochemi 
cal reaction, which will generally be electrochemical 
reduction, of the metal complex should be an elec 
trolyte-soluble species so that the sensing electrode is 
not changed by deposition of metal resulting from re 
duction of the complex to the metal; this requires that 
the metal ion in the complex is reducible to a stable 
lower oxidation state. However, it may still be possible 
to operate the sensor if the metal is deposited on the 
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working electrode. The preferred couples are: Cu(lI)/ 
Cu(I), Fe(III)/Fe(ll) and Ru(lIl)/Ru(l1). 

1n the case of electrochemical reduction, the modi 
?ed metal complex should have a reduction potential 
that is greater (i.e. more positive or less' negative) than 
the reduction potential of the unmodi?ed metal com 
plex. Ideally the reduction potential of the modi?ed 
metal complex should fall within the range of +0.5 to 
0.0 volts (with respect to a standard calomel electrode) 
so as to minimise interfering side reaction, e. g. reduction 
of oxygen or the oxidation of other atmospheric compo 
nents. 
A membrane may be placed between the solution of 

the metal complex and the ?uid being sensed to prevent 
escape of the electrolyte; the membrane can be porous 
or semi-permeable and, if the ?uid being sensed contains 
any species (other than the toxic gas being sensed) 
which causes the above-mentioned change in the metal 
complex or which itself reacts electrochemically at the 
sensing electrode, a selective membrane can be chosen 
so as to block the passage of the interfering species. 
Interfering species can alternatively be blocked by pro 
viding a body of material, e. g. a ?lter, between the ?uid 
being sensed and the sensing electrode that selectively 
absorbs or adsorbs the interfering species. If it is desired 
to sense carbon dioxide, then other acidic gases, e.g. 
sulphur dioxide or nitrogen dioxide, will interfere with 
the measurement but these gases can be absorbed on a 
suitable ?ltering material before they come into contact 
with the metal complex; this is relatively simple because 
carbon dioxide is inert compared to other acidic gases. 
Suitable ?ltering materials include, e.g. potassium per 
manganate, which absorbs sulphur dioxide, or activated 
charcoal which absorbs other active gases, e.g. N02, 
C12 and ozone. 
The membrane between the ?uid being sensed and 

the complex-containing electrolyte is preferably part of 
the sensing electrode one side of which is in contact 
with the ?uid being measured and the other with the 
electrolyte; the gas can then diffuse through the sensing 
electrode to the electrolyte. Membrane-electrodes of 
this type are well known e.g. from US. Pat. No. 
3,787,308 and an article by Niedrach et al, J. Electro 
chem. Soc. 112(2), 117, 1965. Such electrodes generally 
consist of a layer of porous hydrophobic material, e.g. 
PTFE (polytetra?uoroethylene), facing the ?uid under 
test and a layer of catalyst, e. g. platinum, on the electro 
lyte side of the electrode. In such an electrode, the gas 
diffuses through pores in the PTFE layer and comes 
into contact with the electrolyte where the carbon diox 
ide dissolves in the electrolyte. The rate at which the 
gas being measured diffuses to the electrolyte depends 
(inter alia) on the porosity and thickness of the PTFE 
layer and the amount reaching the electrolyte can be 
controlled by varying the thickness and/or porosity of 
the PTFE layer. In this way, the sensor can be tailored 
to detect a particular range of acidic gas concentrations 
by setting the porosity and/or thickness of the PTFE 
layer so that the amount of gas reaching the electrolyte 
is not greater than the sensing electrode can cope with. 
High ranges of gas concentrations can be detected by 
making the PTFE layer less porous and/or thicker and 
low concentrations by making the PTFE more porous 
and/ or thinner. Instead of adjusting the porosity and/or 
thickness of the PTFE layer, a throttling ori?ce may be 
placed in front of the electrode to reduce the rate of 
?ow of gas to the sensing electrode as is known in the 
art. 
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6 
The metal complex will generally be dissolved in an 

aqueous solvent that also contains an inert current-car 
rying species, e.g. a solution of sodium- or potassium 
chloride, -bromide, -perchlorate, -nitrate or -sulphate. 
We have found that non-aqueous solvents, e.g. metha 
nol, will also function satisfactorily although this might 
be due to the presence of minute traces of water in the 
methanol. The use of non-aqueous solvents could pro 
vide a useful mechanism for minimising cross-sensitivity 
from other species, e.g. water, that may also be reduced 
at the sensing electrode and in certain circumstances, 
the difference between the potential at which the modi 
?ed metal complex is reduced and the potential at 
which an interfering species or the unmodi?ed complex 
is reduced can be adjusted to minimize the interference. 
The sensing electrode we have used is a platinum or 

carbon electrode, but it is also possible to use sensing 
electrodes made of other materials, e.g. zinc, silver, 
gold, or palladium, or a mixture of materials may be 
used. It can be advantageous to use a sensing electrode 
made of the same metal that is present in the complex so 
that the effect of the metal being deposited on the sens 
ing electrode can be minimised. 
The sensor may be of the known galvanic type with 

a consumable counter electrode, the counter electrode 
material being chosen to give the desired potential at 
the sensing electrode. Alternatively, the sensor may be 
of the polarographic (or voltametric) type in which the 
potential of the sensing electrode is imposed by an ex 
ternal circuit, for example of the type described in Brit 
ish Patent Speci?cation 1,101,101. The sensor may then 
have two or three electrodes, the third electrode being 
a reference electrode, but generally a reference elec 
trode is not necessary when the polarisation of the sens 
ing electrode is small, e.g. when the ?uid being sensed 
contains less than 5% carbon dioxide (or other acidic 
gas). The preferred reference electrode is a silver/silver 
chloride electrode. 
The electrochemical sensor of the present invention 

has a faster recovery time than the known potentiomet 
ric sensors described above, i.e. sensors using a pH 
electrode to measure pH of a liquid in contact with the 
test ?uid. The output signal produced by the sensor of 
the present invention, although not linear, is more 
nearly linear than the potentiometric sensors discussed 
above and therefore the sensors of the present invention 
are more sensitive to changes in acidic gas concentra 
tion than such potentiometric sensors. 
We have also discovered that the preferred copper 

(II) complexes with amine ligands have a different ab 
sorption peak in the ultraviolet/visible part of the elec 
tromagnetic spectrum than the corresponding unmodi 
?ed metal complex. This has lead to an alternative form 
of sensor which can simply consist of a body of the 
complex in a ?xed or immobilized state and having 
access to the ?uid (gas/liquid) to be sensed. The inten 
sity and/or the colour of the complex will then give an 
approximate visual measure of the amount of carbon 
dioxide (or other acidic gas) present. 
According to the present invention, there is provided 

a method of sensing the presence of carbon dioxide in a 
?uid, the method comprising contacting the ?uid with a 
body a copper (II) complex having at least one amine 
ligand that is reversibly displaceable from the copper 
atom in the presence of carbon dioxide to form a modi 
?ed copper complex and measuring the amount of the 
modi?ed complex and/or the amount of the copper 
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amine complex in the body to provide an indication of 
the quantity of carbon dioxide in the ?uid. 

According to another aspect of the present invention, 
there is provided a sensor for sensing carbon dioxide in 
a ?uid, which sensor comprises: 

a body accessible to carbon dioxide in the ?uid, and 
containing a copper (I-I) complex having at least one 
amine ligand(s) which are reversibly displaceable from 
the copper atom in the presence of carbon dioxide to 
form a modi?ed copper complex, 
means for detecting the increase in the concentration 

of the said modi?ed copper complex and/or the de 
crease in the concentration of the said copper-amine 
complex and for providing a signal in accordance with 
the concentration of complex detected. 
The detection means preferably comprises a source of 

electromagnetic radiation having a wavelength which is 
absorbed by the copper amine complex or by the modi 
?ed complex, the source directing the radiation at the 
body, and a detector arranged to receive radiation of 
the said wavelength that has passed through the body, 
which detector gives an output signal in accordance 
with the amount of radiation received. 
The copper amine complex is preferably copper (II) 

bis-(ethylenediamine) or copper (II) bis-(propanedia 
mine). 
The body containing the complex may be held in any 

matrix that will allow carbon dioxide to contact it. The 
matrix may be solid or semi-solid or it may be a liquid, 
i.e. a solvent. Access to the metal complex may be via a 
porous or semi-permeable membrane or the complex 
may be open to the ?uid being sensed without the pres 
ence of an intervening membrane. The membrane can 
be of the type described above in connection with the 
electrochemical sensor. Also, a ?lter may be provided 
to remove interfering gases before they come into 
contact with the copper complex. 
The sensor of the present invention (whether of the 

electrochemical type or the colorimetric type or indeed 
any other type) is preferably arranged to give an electri 
cal output that can be analyzed by ‘a monitor~circuit to 
give a reading, in either digital or analog form, of the 
amount of carbon dioxide (or other acidic gas) in the 
?uid being sensed or it may provide a plot of the varia 
tion of the amount of carbon dioxide (or other acidic 
gas) with time; alternatively the monitor circuit may 
include an alarm that is triggered when the concentra 
tion of carbon dioxide (or other acidic gas) reaches a 
preset threshold value. 
Two electrochemical sensors and a colorimetric sen 

sor all of which are in accordance with the present 
invention will now be described, by way of example 
only, with reference to the accompanying drawings in 
which: 
FIG. 1 is a cross-sectional view of an electrochemical 

sensor according to the present invention, 
FIG. 2 is a schematic exploded cross-sectional view 

of further electrochemical sensor according to the pres 
ent invention, . 

FIG. 3 shows three cyclic voltammograms measur 
ing the current in uA vs applied voltage (with respect 
to a SCE) of copper (II) bis-(1,3-propanediamine), plot 
a) being conducted under a nitrogen atmosphere and 
plots b) and c, being under a carbon dioxide atmo 
sphere, 
FIG. 4 is a plot of current (in uA) vs. percentage 

carbon dioxide content in air from a sensor of FIG. 2, 
and 

15 

40 

65 

8 
FIG. 5 is a schematic drawing of a colorimetric sen 

sor of the present invention. 
The sensor shown in FIG. 1 has a cylindrical outer 

housing 10 having a ?ange 12 at one end; the other end 
of the housing is sealed by a bottom plate 14 that is 
ultrasonically welded to housing 10. An internal hous 
ing 16 is located within outer housing 10 and supports a 
sensing diffusion electrode 18 which has a membrane 20 
made of permeable or microporous polytetra?uoroeth 
ylene (or other hydrophobic material) facing ?ange 12 
and a layer of catalyst 22, e.g. porous carbon, gold, 
platinum or palladium, bonded onto the face of the 
membrane 20 remote from the ?ange 12. Membrane 20 
prevents evaporation of electrolyte from within the 
sensor while allowing ready access of carbon dioxide to 
the interior of the sensor. The space between electrode 
18 and ?ange 12 is sealed by a pair of 0 rings 24. The 
top of the inner housing 16 also has a ?ange 26 de?ning 
an ori?ce and this is ?lled with highly absorbent mate 
rial 28 saturated with electrolyte, which is a solution of 
3 mM copper (II) bis(l,3-propanediamine) in 1M potas 
sium chloride. An absorbent separator 30 is in contact 
with the inside face of flange 26 and can be made, e.g. 
from ?lter paper; a reservoir 32 of electrolyte is held 
within the body and keeps the separator 30 and material 
28 saturated with electrolyte. 
A silver wire 31 forming a silver/silver chloride ref 

erence electrode is in contact with the separator and is 
supported by a central column 36. An annular second 
ary (or counter) electrode 37 surrounds the base of 
column 36. Electrical contact to the three electrodes is 
provided by leads 38, 40 and 42. 

Finally, an external ?lter 44 is provided covering the 
ori?ce 46 surrounded by ?ange 12 which prevents dust 
from entering the sensor and also protects the sensing 
electrode 18 from physical damage. Filter 44 can in 
clude material, e. g. potassium permanganate and/or 
activated charcoal, to remove interfering gases, e.g. 
502, N02, Cl; and ozone. 
The current may be detected by any known circuit to 

provide a reading of the amount of ' carbon dioxide 
sensed and hence the amount of carbon dioxide in the 
?uid. For example, the circuit may simply consist of an 
ammeter, e.g. a resistor connecting the sensing and the 
counter electrodes together and a voltmeter in parallel 
with the resistor, or, when using a reference electrode, 
the circuit may be as described in British Patent Speci? 
cation l,l0l,l0l or 1,372,245. 
Carbon dioxide diffuses through the membrane 20 

with a flux proportional to the amount of carbon diox 
ide in the ?uid under test; the carbon dioxide causes the 
copper complex to change into the modi?ed copper 
complex CuCl42-. The catalyst layer 23 of the sensing 
electrode is held at a potential of about +0.15 V with 
respect to a standard calomel electrode (approximately 
+0.20 with respect to the silver/silver chloride refer 
ence electrode), at which potential the modi?ed copper 
complex (CuCl42-) is reduced but the unmodi?ed cop 
per bis-(1,3-propanediamine) complex is not. The elec- - 
trochemical reduction of the modi?ed copper complex 
causes a current to ?ow between the sensing electrode 
18 and the counter electrode 37 which is proportional 
(although not linearly proportional) to the amount of 
carbon dioxide that has passed through the membrane 
and so the current is proportional to the amount of 
carbon dioxide in the ?uid under test. 
A second electrochemical sensor is shown in a sche 

matic exploded section in FIG. 2 and includes a housing 
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60 enclosing a reservoir 62 for electrolyte and top plate 
64 which in the operational sensor is secured against the 
top surface 66 of the housing 60 by bolts (not shown); an 
O-ring 68 ensures the seal between the housing and the 
top plate. In the space between the top plate and the 
housing, there is arranged the following: 

a sensing electrode 70 composed of a sheet of porous 
polytetra?uoroethylene 72 on the underside of which 
there is a layer 74 of catalyst, e.g. platinum or carbon 
which has been sprayed onto the PTFE sheet 72, 
two layers of insulating absorbent material 76, e.g. 

?lter paper, 
a silver wire 78 constituting the reference electrode, 
a wick 80 composed of highly absorbent insulating 

material, e.g. glass ?bre paper, a portion of which ex 
tends into the reservoir through a hole 82 in the top 
surface of the housing, 

a counter electrode 84 through which the wick 80 
extends and which is composed of a sheet 86 of PTFE 
on the top surface of which there is applied a layer 88 of 
catalyst, e. g. platinum or carbon, and ‘ 

platinum current collectors 90 and 92 in contact with 
the catalyst layers 74, 88, which extend outwards from 
the housing to provide terminals for connection to a 
detection circuit. 
When the top plate 64 is clamped against housing 60, 

the edges of the PTFE layers 72,86 are compressed 
between the O-ring 68 and the housing, thereby produc 
ing a liquid-tight seal. The reservoir 62 is ?lled with 
electrolyte which is an aqueous solution of 3 mM cop 
per (II) bis(l,3-propanediamine) in 1M KCl; the electro 
lyte is drawn by capillary action by the wick 80 to 
saturate material 76 with electrolyte. Because PTFE is 
hydrophobic, the electrolyte cannot escape through the 
electrode 70 but gas can diffuse through it. In operation, 
carbon dioxide diffuses from the atmosphere being 
sensed through an ori?ce 94 in the top plate 64, through 
the pores in the PTFE sheet 72 and through the layer of 
catalyst to dissolve in the electrolyte, where it causes 
the copper (II) complex to change to its modi?ed form 
which is reduced at the sensing electrode 70 and this 
causes a current to ?ow through the sensor. The current 
collectors 90,92 and reference electrode 78 are con 
nected to an external circuit as discussed above in con 
nection with FIG. 1 to maintain the potential of the 
sensing electrode at +0.0l5 V (vs SCE) and to detect 
the current ?owing through the sensor and hence the 
amount of carbon dioxide in the atmosphere. 
FIG. 3 shows a cyclic voltammogram for a solution 

of 2.8 mM copper (II) (bis-(l,3-propanediamine) in 1M 
potassium chloride. The working electrode is a polished 
vitreous carbon disc with a potential scan rate of 0.3 
V/s. FIG. 3(a) shows the cyclic voltammogram of the 
solution when degassed with nitrogen; with this electro 
lyte the diamine complex gives a single, irreversible 
reduction peak at —0.59 V and it is likely that this re 
sults from the reduction of Cu(II) to Cu(O). 
FIG. 3(b) shows the cyclic voltammogram after the 

solution has been saturated with carbon dioxide. The 
reduction of copper(II) now takes place in two stages 
with peaks at +0.15 V and —0.46 V. Thus the ?rst 
reduction process is observed at a potential (+0.15 V) 
where little interference from oxygen reduction is to be 
expected and is probably due to the reduction of Cu(II) 
to Cu(I). Indeed, passing oxygen through the solution 
does not affect this part of the voltammogram. The 
Cu(II)/Cu(l) couple is close to reversible as shown by 
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FIG. 3(a). The chemical change on passing carbon diox 
ide through the solution appears to be: 

and the reduction peak at +0.15 V is due to the process: 

CuCl42_ +r.—_>cuc143- (4) 

Passing carbon dioxide/nitrogen mixtures through the 
solution led to voltammograms intermediate between 
those of FIGS. 3(a) and 3(b) and the changes in vol 
tammetry could be cycled by passing nitrogen and car 
bon dioxide alternately indicating that reactions (3) and 
(4) are reversible. 
Thus by maintaining the potential of the sensing elec 

trode at +0.25 to 0 V (vs SCE), the modi?ed complex 
CuCl42—will be reduced but the unmodi?ed 
propanediamine complex will not. Since the amount of 
the modi?ed CuCl42—complex in the electrolyte is de 
pendent on the amount of carbon dioxide in solution, 
which in turn is dependent on the amount of carbon 
dioxide in the atmosphere being sensed, the current 
resulting from a sensor of the general design shown in 
FIGS. 1 or 2 in which the sensing electrode is held at 
+0.25 to O V (vs SCE), preferably +0.20 to +0.10, e.g. 
+0.15 V, is dependent on the amount of carbon dioxide 
in the atmosphere. This is shown in FIG. 4 which is a 
plot of current vs carbon dioxide content of an atmo 
sphere using the sensor shown in FIG. 2; although the 
output of the sensor is not quite linear, the non-linearity 
can be taken into account in the electronic circuit moni 
toring the sensor output. The output curve is very much 
more sensitive to changing carbon dioxide concentra 
tions in the atmosphere than known sensor using pH 
electrodes discussed in the introduction to the present 
speci?cation. Also, it will be noted that no current 
?ows when there is no carbon dioxide in the atmo 
sphere. The response time of thesensor of FIG. 2, i.e. 
the time between carbon dioxide being introduced into 
an atmosphere being sensed and the appearance of a 
current in the external circuit is about 12 seconds and 
the recovery time for the current to return to zero when 
carbon dioxide is no longer present in the atmosphere is 
about 30 seconds. 
The data from bromide solution was almost identical 

to that from chloride media except that the ?rst reduc 
tion peak occurs at a slightly more positive potential, 
Ep= +0.22 V. 
A cyclic voltammogram of copper(II) bis-(1,3 

propanediamine) in a sodium perchlorate electrolyte 
gives a well-de?ned peak at —0.l2 V (vs SCE) in the 
presence of carbon dioxide whereas in the absence of 
carbon dioxide the complex gives a reduction peak at 
—0.46 V. Although a sensor could be devised on this 
system by maintaining the potential of the sensing elec 
trode at —0.l5 V, this gives rise to some interference 
from oxygen. Furthermore, the reduction of the cop 
per(II) complex in the presence of carbon dioxide is 
believed to result in Cu(O). Therefore, it is preferred to 
use an electrolyte containing chloride or bromide ions 
(in addition to the copper complex), resulting in the 
following advantages over the use of perchlorate elec 
trolytes: 

(a) the potential of the sensing electrode can be held 
at a potential greater of between +0.025 and 0 V (vs 
SCE), e.g. +0.2 to 0.1 V and preferably at +0.15 V, 
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where interference from cathodic oxygen reduction is 
likely to be minimal, 

(b) the reductions of CuCl42-and CuBr42-are elec 
trochemically reversible and therefore are unlikely to 
be affected by minor changes in the electrode surface, 

(c) in the halide media, the reduction of the copper 
(II) leads to solution stable copper(I) species and so 
avoids deposition of copper on the cathode which 
would lead to a change in the electrode area and irre 
versible, if slow, loss of copper(II) from solution, 

(d) the halide ion complexes the copper(II) as the 
diamine ligand is protonated and removed from the 
metal ion, which in?uences the equilibrium constant of 
reaction (3) in such a way that the diamine is removed 
at higher pH. Hence reaction (3) will shift to the right in 
the presence of lower carbon dioxide concentrations 
and the sensor will be sensitive to lower amounts of 
carbon dioxide in the atmosphere, 

(e) in chloride (and probably bromide media) oxygen 
slowly reconverts the copper(I) to copper(II). This was 
con?rmed by passing air through a solution of copper 
(I) in 1M KCl formed by electrolysis. Hence in a sensor, 
the copper(ll) concentration would be maintained con 
stant by contact with air. 
The behaviour of ethylenediamine is similar to that of 

1,3-propanediamine except that the removal of the eth 
ylenediamine from the copper(II) (reaction (3)) occurs 
at a lower pH and therefore the Cu(II)(bis-ethylenedia 
mine) ion is only suited to a sensor intended for sensing 
high carbon dioxide concentrations. 
When measuring gases that are more acidic than 

carbon dioxide, ligands having a lower pKb value than 
l,3-propanediamine can be used to bring about reaction 
i113) above. 

“The concentration of the copper complex in solution 
“was found to be important; if it is too high, a precipitate 
of“ what is believed to be copper hydroxide was ob 
served in the presence of carbon dioxide. For this rea 
son, the concentration of copper bis-(1,3-propanedia 
mine) and copper bis(ethylenediamine) is preferably less 
than 5 mM, eg about 2-3 mM, for measuring 0—10% 
carbon dioxide. 
A colorimetric sensor for detecting carbon dioxide is 

schematically illustrated in FIG. 5. A vessel 46 having 
end faces 46' is ?lled with an aqueous solution 47 of 
copper bis-(1,3-propanediamine) tetra?uoroborate- in 
potassium chloride or sodium perchlorate. The vessel is 
covered with a hydrophobic porous PTFE membrane 
48 that allows carbon dioxide to diffuse from a fluid 
being measured to the interior of vessel 46. If there is no 
carbon dioxide in the atmosphere being sensed the cop 
per complex has a blue/ purple colour having an absorp 
tion peak at 775 nm; in the presence of carbon dioxide, 
the copper complex changes to a light blue colour hav 
ing an absorption peak at 556 nm (in the perchlorate 
medium) or colourless (in the chloride medium). The 
change in the copper complex in the presence of carbon 
dioxide can be detected by placing the vessel between 
the source and the detector of a visible/ ultraviolet spec 
trometer. In a preferred embodiment, the light is con 
ducted from the source 50 and to the detector 52 along 
optical ?bres 54, which may be physically attached to 
the end faces 46'; such an arrangement allows the vessel 
46 to be located away from the sensitive sensing parts of 
the spectrometer. 

In the perchlorate medium, the source 50 and detec 
tor 52 can be tuned to either 775 nm or 556 nm (al 
though the t'ormer is preferred because it is more sensi 
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tive to. the detection of low levels of carbon dioxide) 
and the size of the output from the detector 52 will give 
a measure, of the carbon dioxide that has migrated 
through the membrane 48 and therefore the amount of 
carbon dioxide in the ?uid being sensed. The peaks at 
which the unmodi?ed copper complex and the modi?ed 
copper complex absorb are broad so that the exact 
wavelength of the radiation can be varied from the 
values given. The effect of carbon dioxide on copper 
bis-(1,3-propanediamine) is reversible and so when the 
concentration of carbon dioxide in the ?uid being 
sensed drops the modi?ed copper complex will revert 
to the unmodi?ed copper complex. 
We claim: 
1. An electrochemical sensor for sensing the amount 

of an acidic gas in a ?uid, the sensor comprising a sens 
ing electrode, a counter electrode and an intervening 
body of electrolyte that is accessible to the gas being 
tested, the electrolyte containing a complex of a metal 
having at least one ligand selected from the group con 
sisting of propane diamine and ethylene diamine that 
can be displaced by the presence in the electrolyte of an 
acidic gas to form a modi?ed complex in which the 
metal has the same oxidation state as in the unmodi?ed 
complex, the system being such that the modi?ed com 
plex is electrochemically detectable at the sensing elec 
trode at a potential at which the unmodi?ed complex is 
electrochemically unreactive and which is above the 
potential at which oxygen is electrochemically reduced. 

2. A sensor as claimed in claim 1, wherein the sensing 
electrode comprises a layer of catalyst material sup 
ported on a layer of hydrophobic material, said hydro 
phobic material being in contact with the ?uid being 
sensed and said layer of catalyst material being in 
contact with the electrolyte. 

3. A sensor as claimed in claim 2, wherein the hydro 
phobic material is porous. 

4. A sensor as claimed in claim 1, wherein the com 
plex contains a metal ion selected from the group con 
sisting of copper (II), iron (III) and ruthenium (III). 

5. A sensor as claimed in claim 1, wherein the metal 
in the complex has two or more stable oxidation states 
so that, on reaction of the modi?ed complex at the 
sensing electrode, the resulting product is soluble in the 
electrolyte. 

6. A sensor as claimed in claim 1, wherein the electro 
lyte contains further ligands that can bind to the modi 
?ed complex. » 

7. A sensor as claimed in claim 6, wherein the further 
ligands are chloride or bromide ions. 

8. A sensor as claimed in claim 1, which includes 
means for maintaining the potential of the sensing elec 
trode in the range of from 0 to 0.5 V with respect to a 
standard calomel electrode. 

9. A sensor for sensing carbon dioxide in a ?uid, 
which sensor comprises: 

a body accessible to carbon dioxide in the ?uid, and 
containing a copper (II) complex having at least 
one amine ligand(s), the ligand(s) being reversibly 
displaceable from the copper atom in the presence 
of carbon dioxide to form a modi?ed copper com 
plex in which the metal has the same oxidation state 
as in the unmodi?ed complex; and 

means for detecting the increase in the concentration 
of said modi?ed copper complex and/or the de 
crease in the concentration of said copper-amine 
complex and for providing a signal in accordance 
with the concentration of complex detected. 
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10. A sensor as claimed in claim 9, wherein said amine 

ligand is an alkane diamine. 
11. A sensor as claimed in claim 10, wherein the li 

gand is propane diamine or ethylene diamine. 
12. A sensor as claimed in claim 9, wherein said body 

also contains further ligands that bind to the modi?ed 
copper complex. 

13. A sensor as claimed in claim 12, wherein the fur 
ther ligands are chloride or bromide ions. 

14. A sensor as claimed in claim 9, wherein the de 

tecting means comprises a source of electromagnetic 
radiation at a wavelength which is absorbed by the 
copper amine complex or by the modi?ed complex, the 
source directing the radiation at the body, and a detec 
tor arranged to receive radiation of said wavelength 
that has passed through the body, which detector gives 
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an output signal in accordance with the amount of radi- - 
ation received. 

15. A sensor as claimed in claim 14, wherein the elec 
tromagnetic source and the detector are connected to 
the body by respective optical ?bers. 

1.6. A sensor as claimed in claim 9, wherein said amine 
ligand is a substituted alkane diamine. 

17. A method of sensing the amount of carbon diox 
ide in a ?uid, the method comprising contacting the 
fluid with a body containing a copper (II) complex 
having at least one amine ligand that, in the presence of 
carbon dioxide, is reversibly displaceable from the cop 
per atom to form a modi?ed copper complex in which 
the metal has the same oxidation state as in the unmodi 
?ed complex, and measuring the amount of the modi 
?ed complex and/or the amount of the copper amine 
complex in the body to provide an indication of the 
amount of carbon dioxide in the ?uid. 
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